The presence of algae cells and algae-derived organic matter (AOM) including extracellular organic matter (EOM) and intracellular organic matter (IOM) has a significant impact on drinking water treatment. Jar tests were conducted with or without preozonation to assess the effect of preozonation on the characteristics of AOM and algae cells with respect to their removal by the following coagulation process. Algae cells and AOM were analyzed by photomicrography, particle size distribution, UV absorbance scanning, HPSEC-UV and batch ultrafiltration (UF). Micrographs and particle size distribution of algae cells with or without ozonation showed that ozonation could oxidize chlorophyll in algae cells, damage algae cells to varying degrees and increase the settling property of algae cells. UV absorbance scanning showed there were more protein-like substances in AOM. Molecular weight (MW) distribution revealed that IOM and EOM had almost the same species of organic matter: the major species of IOM was organic matter with high MW and EOM was organic matter with lower MW. Overall, preozonation can enhance the coagulation process by greatly increasing the removal efficiency of algae cells and particles. At the same time, preozonation is not very effective on enhancing AOM removal, for it is limited in improving the removal rate of EOM, and it can cause the release of IOM.
Introduction
Excessive growth of algae in drinking water reservoirs is an increasingly common problem associated with eutrophication. This poses an additional problem to our water treatment plants. The problem comes from both algae cells and the algae-derived organic matter (AOM) including extracellular organic matter (EOM) and intracellular organic matter (IOM). Algae cells are highly negatively-charged bio-particles, which may cause poor settling, and filter clogging (Cheng et al., 2003) . EOM is certain metabolites consisting of low and high-molecular weight organic matter excreted from algae cells into the surrounding environment. IOM is organic matter in the algae cells, a fraction of which can release from algae cells during water treatment processes. Both EOM and IOM include biopolymers such as proteins, polysaccharides and nucleic acids, which may have beneficial or detrimental effects on destabilization and flocculation of particles (Hoyer et al., 1987; Sukenik et al., 1987) .
Besides the impacts on conventional water treatment, algae cells and AOM can impair water quality as significant precursors of chlorinated disinfection by-products (Hoehn et al., 1980; Oliver and Shindle, 1983; Graham et al., 1998; Plummer and Edzwald, 2001) , toxins (Vieira et al., 2005) , and tastes and odors (Hargensheimer and Watson, 1996) .
Preozonation is widely used in enhancing conventional processes, several researches have investigated the interactions by which preozonation alters the stability of particles (Dowbiggin and Singer, 1989; Grasso and Webber, 1988) , algae (Plummer and Edzwald, 2001) , and organic compounds (Kuo and Amy, 1988; Chang and Singer, 1991) . Widrig studied the removal of AOM by ozonation and coagulation and found that preozonation enhanced DOC removal to varying degrees (Widrig et al., 1996) .
The above research indicates that preozonation may be a potential enhancement to the treatment of water containing algae cells and AOM. But there has been limited research on the effect of preozonation on the following coagulation process in the presence of algae cells and AOM. So, the effect of preozonation on the characteristics of algae cells and AOM is significant to understand the mechanism of preozonation for the following coagulation process. The objectives of this study are: (1) to characterize the structure of algae cells; (2) to study the characteristics of AOM including EOM and IOM, such as, the characteristics of UV absorbance and molecular weight distribution; and (3) to evaluate the effects of preozonation on the characteristics of algae cells and AOM with respect of their removal by coagulation process.
Methods

Algal culturing
Axenic cultures of Oscillatoria amoena (blue-green algae, collection no. HB920) were obtained from the Culture Collection of Algae at Institute of Hydrobiology at the Chinese Academy of Sciences. Oscillatoria was cultured in batch mode in 10 L flasks containing 8 L of the algal growth media. Cultures received 2000 lux of light on a 12 hour light cycle and were maintained at 20^2 8C. Growth was monitored daily by the concentration of chlorophyll a. Cultures were harvested in the late log growth phase for the experiments. All cultures were grown in BG11 growth media.
Synthetic samples
Preparation of sample EOM, sample algae cells and IOM. To characterize algae cells and bulk EOM, the cultures containing algae cells and bulk EOM were separated by 0.45 mm membrane. The filtrate was the water containing bulk EOM (sample EOM), and algal cells were put into distilled water of the same volume as the filtrate (sample algae cells). Then kaolin clay was added to both of the two samples to make the concentration of the clay 0.18 g/L, with the objective of simulating the environment of natural water and to provide flocculation nucleus in coagulation process. IOM was extracted from algae cells by ultrasonic for 30 minutes, when the DOC of the sample was steady with increasing time.
Preozonation and jar test. Ozone was generated with a DHX-SS-1G ozone system (Jiujiu, Harbin, China). Ozonation of the samples was conducted in batch mode. A high gas-phase ozone concentration was bubbled into the samples, then the sample was set on a magnetic stir plate and stirred at high mixing intensity for a set time to allow ozone to react with the materials, and then bubble the residual ozone out with nitrogen so that there was no residual ozone. Periodic spectrophotometric aqueous measurements of the ozone concentration were made using the method indigo (Bader and Hogine, 1981) . Ozone dose of 1 mg/L and 2 mg/L was selected because ozone dose range of 0.5-2.0 mg/L is commonly used for preozonation in drinking water treatment, and a preozonation time of 5 minutes was selected.
Jar tests were conducted in a mixer equipped with six-paddle jar test apparatus (Zhongrun, Shenzhen, China). Aluminium sulphate was selected as a coagulant in this study and the dose was 10 mg/L as metal (Al 3þ ) which proved to be the best coagulant dose in a prior study. The samples with or without preozonation were mixed rapidly at 300 rpm for 1 minute and then stirred at 50 rpm for 10 minutes, afterwards, settled for 30 minutes in 0.5 L beakers. Finally, 50 mL of the supernatant was filtered through a prewashed 0.45 mm filter, and the filtrate was ready for analysis.
Sample analysis
Algae cell analysis. Concentration of algae cells suspension was determined by the method established by Lorenzen (Lorenzen, 1967) . Photomicrography and particle size distribution of algae cells suspension was measured by photomicroscope (BX51, Olympus) and liquid particle counting system (9703, HIAC).
Organic matter analysis. Dissolved organic carbon (DOC) and ultraviolet absorbance (UVA) scanning were measured by a total organic carbon analyzer (TOC-V CPN , SHIMADZU) and a UV-visible spectrophotometer (UV-2550, SHIMADZU) with a 1 cm quartz cell, respectively.
Molecular weight distribution analysis by HPSEC and UF. Molecular weight (MW) separation by high performance size exclusion chromatography (HPSEC) was performed using an Ultrahydrogel column (Waters, separation range: , 5 £ 10 6 Da). The HPLC (LC-10A, Shimadzu) was coupled with a UV detector (SPD-10A, Shimadzu) operated at 210 nm. The HPSEC mobile phase was prepared with a phosphate buffer (0.0024 M NaH 2 PO 4 þ 0.0016 M Na 2 HPO 4 , pH 6.8) and 0.025 M Na 2 SO 4 , producing an ionic strength of 0.1 M. The flow rates were 0.4 mL/min and the sample injection volume was 100 mL.
Molecular weight distribution of the bulk EOM was also analyzed by batch ultrafiltration (UF) methods. All of UF experiments were performed at room temperature in 200 mL stirred cell (Amicon Co., Model 8400) pressurized to 50 psi using nitrogen gas. The types and nominal molecular weight cutoffs (MWCOs) of the membranes, as specified by the manufacturer were: YM5 ¼ 5000D (5K); YM10 ¼ 10,000D (10K); and YM100 ¼ 100,000D (100K). UF was performed with parallel processing mode for each MWCO using 200 mL of sample.
Results and discussion
Effect of preozonation on algae cells
Effect of preozonation on micrographs of algae cells. The photomicroscope was used to provide algae cellularity before and after ozonation. Figure 1 shows micrographs before and after ozonation of sample algae cells with the Oscillatoria concentration of 11550 cells/mL. Typical appearance cellularity of Oscillatoria before ozonation is shown in Figure 1 Micrographs of oscillatoria before and after ozonation of sample algae cells (concentration of algae cells in raw water: 11,550 cells/mL, ozone dosage: 2 mg/L, preozonation time: 5 minutes) Figure 1a , and that after ozonation is shown on Figure 1b1 and b2. The result indicated that ozone could oxidize chlorophyll in algae cells, and damage algae cells to varying degrees because of their different touching chances with ozone. As shown in Figure 1b2 , some of algae cell-wall was damaged and even ruptured, which definitely could cause the release of intracellular organic matter. Effect of preozonation on particle size distribution of algae cells. Figure 2 shows the particle size distribution before and after ozonation. The measurement was performed on the sample with or without 2 mg/L ozonation after settling for 30 minutes. The total particle number of the unozonated suspension was 11550 cells/mL, and after ozonation with 2 mg/L ozone, that was reduced by 13.2%, that is, to 10031 cells/mL. The higher particle size distribution was obviously reduced. This result indicated that preozonation can increase the settling property of algae cells, which is beneficial to the following coagulation -sedimentation processes.
Effect on UV absorbance of EOM and IOM
Effect of preozonation on UV absorbance of EOM. Figure 3a shows the effect of preozonation on UV absorbance characteristics of coagulation effluent of sample EOM. The samples had a shoulder peak at the wavelength range of 190-240 nm, because of the high concentration of NO 3 2 in the growth media which have strong absorption in this wavelength range. The samples also had an absorbance peak at a wavelength of 310 nm, which may be the adsorption of mycosporine-like amino acids (Her et al., 2004) . Preozontion can enhance the coagulation process to remove this fraction of EOM.
Effect of preozonation on UV absorbance of IOM. Figure 3b shows the UV absorbance characteristics of extracted IOM and IOM released during preozonation and coagulation processes. IOM extracted by ultrasonic had strong absorption in the wavelength range of 250-190 nm, this meant that there was a high concentration of materials having UV absorbance in this wavelength range. UVA after preozonation coupled with coagulation was higher than traditional coagulation, because the preozonation process could destroy the algae cells and cause the release of IOM. However, UVA after 1.0 mg/L ozone preozonation was higher than that after 2.0 mg/L, which could be interpreted as a higher ozone dosage could cause the release of more IOM, but the redundant ozone could oxidize a fraction of them. Her et al. (2004) suggested that UV absorbance ratio index (URI), corresponding to the ratio of UV absorbance at 210 nm to that at 254 nm (UVA 210 / UVA 254 ), can provide information on the relative proportions between UV-absorbing functional groups and unsaturated groups in NOM. A higher density of functional, e.g. amino groups Figure 2 Particle size distribution before and after ozonation of sample algae cells corresponds to a higher absorption at 210 nm than at 254 nm, producing a higher URI (Her et al., 2004) . The URI analysis effectively distinguishes protein-like substances from the other NOM components. From Figure 3b , the URI of IOM extracted by ultrasonic was 3.23. This indicated that IOM had more amino groups than aromatic groups, that is, IOM had more protein-like substances. This result was a foundation of next section, that was, as the UV detection was used after HPSEC, the wavelength of 210 nm was appropriate.
Effect of preozonation on molecular weight distribution of EOM and IOM
Molecular weight (MW) is one of the fundamental properties which need to be measured in order to understand the physical and chemical characteristics and chemical reactivity of organic matter. High-pressure size exclusion chromatography (HPSEC) and batch ultrafiltration (UF) are both relatively inexpensive analytical techniques and powerful tools for monitoring molecular weight distribution of organic matter (Amy et al., 1987) . HPSEC can give a sequential MW distribution of organic matter, but calibration standards of the same molecular type (similar MW range, charge distribution, etc) as the sample must be employed (Yau et al., 1979) , while UF can give apparent MW range of organic matter. So, in this experiment we used both HPSEC and UF.
Effect of preozonation on molecular weight distribution of EOM. As shown in Figure  4a , peak height with smaller retention time of coagulation effluents was lower than that of raw water, while that with higher retention time was higher than that of raw water, specially at the retention time of 21.8 minutes. This result implied that the coagulation process could remove the fractions of high MW, but the stir in coagulation process may cause some organic matter with lower MW release from high MW polymers. Ozonation could oxidize organic matter of this fraction, so UVA of the effluent after preozonation coupled with coagulation was smaller than that after conventional coagulation. With as increase in ozone dose from 1.0-2.0 mg/L, the peak height decreased more.
Effect of preozonation on molecular weight distribution of IOM. As shown in Figure  4b , concentration of organic matter with higher MW in IOM was much bigger than that in EOM. Preozonation enhanced coagulation process to remove substances with higher molecular weight in sample algae cells as compared with conventional coagulation. This result could be interpreted that unsaturated substances had UV absorbance and were easily oxidized by ozone, so even preozonation caused the release of IOM which had UV absorbance, it could oxidize the unsaturated groups to saturated groups which did not have UV absorbance.
By comparing Figure 4a with Figure 4b , IOM and EOM had almost the same retention time of peaks, which indicated that they have almost the same species of organic matter. But their concentration distribution was completely different. The major species of IOM was organic matter with high molecular weight, and that of EOM was organic matter with lower molecular weight, which was further approved by apparent MW distribution of EOM determined by ultrafiltration showed in Figure 5 .
As shown in Figure 5 , the proportion of EOM with MW , 5K was 71%, that of 5 -10 K, 10 -100 K and . 100K was 5%, 16% and 8%, respectively, which implied that the major fractions of EOM was organic matter with low and medium MW. This result is similar to that of Plummer (1999) where EOM from Cyclotella in the smallest apparent weight classification was 67%.
Effect of preozonation on removal efficiency of algae cells and AOM
Effect of preozonation on DOC and turbidity removal of sample EOM. The benefits of preozonation on DOC and turbidity removal for sample EOM as compared with conventional coagulation are shown in Table 1 . DOC removal by conventional coagulation was 29.1%, that was improved by 6.6% or 1.2% with ozone dose of 1 mg/L or 2 mg/L, respectively. This result indicated that preozontion with lower ozone dose can enhance the coagulation process more effectively. This can be interpreted in two ways: preozonation can alter the stability of particles and organic compounds, which is beneficial to coagulation process. On the other hand, preozonation can turn high MW matter into lower MW matter, which is a disadvantage on coagulation process. Table 1 also shows that coagulation with or without preozonation was responsible for only a limited portion of DOC removal, which could be interpreted by the characteristics of EOM, that was, most fractions of EOM were low MW substances. However coagulation is more effective in removing organic matters with higher MW. This result was Figure 5 Apparent molecular weight distribution of extracellular organic matter similar with Widrig et al. (1996) that even though preozonation enhanced organic matter removal to varying degrees, but AOM was not easily removed by coagulation.
Effect of preozonation on DOC, turbidity and algae removal efficiency of sample algae cells. The influences of preozonation on DOC, algae cells and turbidity removal for sample algae cells are illuminated in Table 1 . DOC of effluent after conventional coagulation was 1.225 mg/L, while we had known that coagulation could not destroy algal cellularity (Wang, 2005) , so this fraction of DOC may be surface EOM (EOM absorbed on algae cells). DOC of effluents after preozonation followed by coagulation was much more than that of conventional coagulation. This result can be interpreted that preozonation destroys the algal cellularity and causes the release of a fraction of IOM, and this fraction of IOM cannot be removed effectively by the following coagulation. At the same time, preozonation enhanced coagulation process to remove algae cells and turbidity effectively, which was because preozonation could decrease the j potential of algae cells and increase settling property of algae cells.
Table 1 also showed that concentration of IOM extracted by ultrasonic was 30.563 mg/L, while that of EOM was 8.165 mg/L, the ratio of the two is approximately 4:1, which shows that most of AOM is distributed in algae cells. Compared the results of Figure 1b2 , Figure 3b , Figure 4b with Table 1 , we can see that, preozonation caused the release of IOM, oxidized the unsaturated groups to saturated groups but did not mineralize them, so UVA of preozonated samples decreased, but DOC obviously increased.
Conclusions
The effects of preozonation on the characteristics of algae cells and AOM with respect to their removal by the following coagulation process were studied. The principal conclusions of this work are as follows:
Ozone oxidizes chlorophyll in algae cells and damages algae cells to varying degrees. It can definitely cause the release of IOM. Ozonation can increase the settling property of algae cells, so it can enhance the following coagulation to remove algae cells.
Functional amino groups are more than unsaturated aromatic groups in intracellular organic matter, that is, there are more protein-like organic matters in IOM.
Characteristics of molecular weight distribution detected by HPSEC reveals that IOM and EOM have almost the same species of organic matter. But its concentration distribution is different, that is, the major species of IOM is organic matter with high MW, and that of EOM is organic matter with lower MW, which is further approved by apparent MW distribution of EOM detected by UF. This result can be used to interpret the removal efficiency of EOM by coagulation process is limited. The results of this research suggest that preozonation can enhance the coagulation process by increasing the removal efficiency of algae cells and particles greatly. At the same time, preozonation is not very effective in controlling AOM, for it is limited in improving the removal efficiency of EOM, and it can cause the release of IOM.
